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SUMMARY 



A theoretical analysis was made of an aircraft propulsion system 

r 

Incorporating a centrifugal jet engine and a supersonic propeller. 

The pr imar y aim wac to increase tho oconoay of a jet configurated 

r 

engine. The design for a supersonic propeller was included, since 
it was necessary to use a propeller, in order to create maximum thrust 

r 

for the installation. 

Tho engine unit consists of a rotating disc with an internal 
combustion flow channel using essentially the ran- jet cycle, and tbs 
design configuration embodied only three basic moving ports for tho 

r 

entire propulsion plant. Tho performance of the engine was treated 
as an aerodynamic and thermodynamic problem . Computations wore made 

r 

on the internal flow system covering the effects of all variables. 

Then, using these results, specific engines tjere analysed in trod using 

•* 

all pertinent losses. In general, the numerical calculations shotted 
theoretically that this type of engine would have slightly better 
economy than a reciprocating engine and was far superior to a 

r 

turbojet at an aircraft speed range down to low subsonic values . 

Tho analysis for tho supersonic propeller indicated that tho 
author's design approach, which includes three dimensional effects, 
could theoretically produce completely supersonic blades with effi- 

r 

cienciec above «C$. Computations were made on a 10' diaustor 
propeller which would produce 7,500 pounds of thrust with an effi- 

•* r 

ciency of S3 . 5# at an aircraft speed of Mach number 1. This power 
absorption could easily be doubled, while at cruising powers efficien- 
cies ranged up to 3655. 
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I. BITRODUCTIOK 

The theoretical analysis made in this study wo.3 an effort to 
roduco too opocific fuel consttsption of a Jot configurated engine in 

r 

an installation in which tho speed of tho aircraft ms low. If 
possible, it was desired to gain tho simplicity of a ran- jot typo 

I* 

•unit and not suffer its drawbacks of poor economy at low speeds. 

Power production for a minimum t! package" was only of secondary inpor- 
tance and was not given any consideration in cases whore it confllctod 

r 

with the oconcty aspects. Thu3, tho primary aim of this the 3 is was 
dirootod toward tho reduction of tho specific fuel consumption and still 

r 

obtain the advantages of tlse constant flow ram-jet cycle. 

r 

First, consider what results have been produced along this lino. 

Fig. 1 taken fron Ref. 1 is the result of a preliminary study made on 

c 

a propollor powered by gas jots issuing from tho blado tips. In this 

r 

case, the Mach number of the propeller tip was limited to 0.35 with 

r 

an aircraft stood of 100 mph. The minimum values of thrust specific 

r tr r r r 

fuel consumption are in tbs neighborhood of 3 Ibs./T.H.P.-Hr. which is 

r r 

unsatisfactory fron an econony standpoint. Next, ref or to Figs. 2 and 

r 

3 token from Ref. 2; those reprosont tho power and tbs specific fuel 

r 

consumption obtainable in a ran-jet installation. It is noticed that 

r r r r 

the specific fuel consumptions are considerably lower (2.4 lbs . Abs . -Hr . ) 
than thoy wore in tho forror case, and that tho thrust per unit combustion 

i* 

chamber area is much higher. However, the aircraft speed range for those 
better values centers on 2,200 aph, a value hardly conceivable at the 

r r r 

present state of tho art. From a different source (Ref. 3)» Figs. 4 and 



5 arc presented for the ran- jot. Hers, the specific fuel consumption 

• • r i * 

is expressed in lbc./l .H.P.-Hr. It is seen that a Mach number of 2 
must be reached in order to compete with the reciprocating engine 

• r r r r 4' 

whose thrust specific fuel consumption is 0.61 lbo./f.H.P.-fir. at sou 

r 

level. The thrust for this case is expressed in thrust per unit com- 

• r 

bust! on chamber area and readies a maximum cf 3#?50 lbs. /ft. at a 

r 

Mach number of 3 or 2,280 mph. Thus, it would seem desirable to obtain 
the optimum values indicated in these figures in an installation such 

r r 

as that shown in Fig. 6. 

To gain good thersodjmanic efficiency, it is known that high 

4 * 

compression ratios should be used. If the isentropic gas lavra shown 

4 ' 

graphically in Fig. 7 of this paper are studied, tho rapid incroaoe 

r 

in pressure rise a3 tho Mach number is increased is clearly evident. 

If tho pressure curve in the Match number range of 2 to 3 is considered, 

r 

compression ratios in tho neighborhood of 20 might bo gained. It 
would seem expedient therefore, to attempt in some manner to use this 

r 

feature to gain better thermodynamic efficiency. It follows that with 

r 

larger thermodynamic efficiencies better economy would result. 

As previously indicated, tbs ran-jet unit has a compression high 
enough for a good efficiency at supersonic velocities and a large mss 

i* 

flow of air per unit frontal area which gives high power output. How- 

r 

over, both of those advantages fall off at lower speeds. It was desired 

r 

to obtain this good efficiency at low subsonic speeds. By .using an 
internal combustion system incorporated in a rotating disc, it was 
found that satisfactory compression could be gained by centrifugal 
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force; and that if the disc speed were allowed to roach high enough 

* 

values, very satisfactory oeonoqy and power outputs wore gained. In 
tlje prosont pctpor, performance computations ware nade covering the 

r r 

speed range up to a disc Mach number of 2.4. The ram-jet cycle, 
used herein, shall be referred ‘to henceforth ao a "centrifugal jet" 

engine, because the ram was small in comparison to the compracsicn 

* 

produced through centrifugal force. 

The centrifugal jot engine perfcraanco is treated as an aero- 

r 

dynamic and thermodynamic problon. The performance is given in terms 

of areas, velocities, and toaperaturoo involved in tlio design of such 
** 

a unit. The various paramo tors that effect the economy and the potjor 
output, as well as the above listed physical properties, waro allowed 
to rang© over pertinent values in the computations to show the separate 

r 

effect of each. Examples of specific designs are included to show the 
overall performance rating of the power plant compared with present 

r 

day types of engines that produce comparable power. 

The system is essentially a separate power plant and a separate 

** 

supersonic propeller. In order to create maxleRm thrust, the power 
plant nu3t use a propeller; although, the engine itself produces a 
siseabio percentage of the thrust depending on the speed of the air- 

r 

piano. Since the installation must use a propeller to operate at 
optimum conditions, it was felt that an analysis of a supersonic 
propeller design ua3 necessary to see what could be accomplished in 

r 

this direction. Present day subsonic propellers are satisfactory cm 

r 

aircraft whose maximum speed approaches 500 nph. With the enclosed 



design of a supersonic propeller, tho propellers useful range can 

r 

theoretically be increased to speeds approaching 1,000 mph. Tho 
importance of a design which will increase the speed range of tho 
propoller cannot be over emphasized, since at present, there is a cry- 
ing need in higher speed aircraft for a satisfactory power converter 

i«i * i i r 

(B.H.P. to T.H.P.), so that various jet type engines nay be utilised. 

By the proper combination of engine and propeller, it would seen 
that more efficient installations could bo designed, thereby increas- 
ing the range of present day aircraft particularly of jet powered 

r 

aircraft and helicopters. 

Thoro ara numerous major problems to be encountered in the 

r 

successful design and operation of an engine as herein described. 

Many of the problems which will be enumerated later are only partially 

4' 

investigated or aro beyond the scope of this paper. It is to be 
realized that this paper is preliminary and serves only as a basis 
for furtlor investigations, and that tho enclosed information is the 

r 

culmination of numerous designs considered. After each investigation 
the most desirable features of each were retained to produce the most 

r 

effective end result. With the material already presented as a back- 
ground and tho authors views creating the problem, tho following design 

r 

is presented as one answer. 
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II, GENERAL DESCRIPTION AMD OPERATION 
The power plant configuration and included supersonic pro- 

r r 

poller of the proposed centrifugal jet engine, is shown on Fig. 8. 

Uith reference to the diagram, it vdll be seen that the system is 

« 

made up basically of only tlirse moving parts. These consist of the 
noso spinner with attached propeller, the centrifugal jet rotating 

r 

disc, and the necessary gear train coupling. The rotating disc is 

r 

mounted on the engine's stationary structure. The latter is in turn 

r r 

mounted directly to the aircraft. On Fig. 8, the nose spinner is 
shown hatched, the outline of the disc is shown solid, and the 

r 

engine's stationary casing is shown double hatched. 

A detailed description and function of each of the major compon- 
ents is as follows i 
|- 

A. Disc Spinner 

The disc 3pinner servos to mount the propeller with it3 necessary 

r 

mechanical meelianisms. Through the nose of the spinner, free air is 
conducted to the intake of the rotating disc. The spinner also serves 

r 

as a shield for the disc. Its bearings turn on a journal mounted cm 

r 

the outside of the disc intake. The spinner receives its propulsive 

r 

power from the gear train shown. 

r 

B. The Rotating Disc 

Intake ran air is fed into the center of the rotating disc. It 

is there directed to tho periphery of tho rotating disc through 

channels in such a manner that the air ducts do not interfere with the 
•* 

gear train. The dimensions of the channel are so constructed that tho 
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velocity at the outer most radius is low, of such magnitude as to bo 
suitable for burning in a constant flov type combustion chamber . The 
combustion chamber runs the length of the disc in an offset diroction to 
tint of rotation by some specific angle, "O' 5 , which i3 determined by 

r 

later included analy3i.s. 

i r 

An isometric flow diagram is shown in Fig. 9. The air is com- 
pressed by centrifugal forco in its travel from the root of tho disc 

r 

tc its outer circumference. The fuel is injected when it reaches tho 

r 

periphery at the en trace to the combustion chamber. The fuel air 
mixture is then burned in the combustion chamber, passed through a 

i* 

suitable nozzle, and ejected into free air. The cycle of flow is 

i 

continuous and extremely simple. Tho configuration my bo altered 
slightly to permit induction of ram air from the rear of the rotating 

r 

disc as mil as from tho forward end. 

Tho disc is mounted on boor lags of the engine’s stationary struc- 
ture and its shaft carries a gear suitable for operating the necessary 
auxiliaries, such as, a fuel pump, vacuum pump, lubrication pump, 

i' 

generator, magnetos, otc. Tho disc-spinner and disc-casing cloorancos 
aro designed small to e lima to, as much a3 possible, the pumping action 
of the air which arises from the relative motion between tho aforo 

r 

mentioned ports and the centrifugal pressure gradient that is sotup. 

Air seals aro located at tho two clearances occurring at tho position 

r 

of tho jet exit. These seals servo to maintain a difference in 

r 

pressure between the free air and the clearance spaces. By this devico, 
tho clearance spaces arc evacuated thereby reducing the air friction 
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drag and resulting loss in horsepower. 

# 

0,. Goar Train 

Ono possible configuration of a goar train appears on tho diagram 

t « 

(Fig. 8). This unit sorvo3 to transmit tho horsepower of the rotating 

r 

disc via tl» nose spinner to tho propollor. Since the nose spinnor 
and rotating disc are operating at different rjras, it must bo realised • 
that a configuration in which tho propeller is mounted directly on the 
rotating disc, thus eliminating tho nose spinnor, is quit© possible? 
but, because of the various factors involved, this would not be portion- 

r 

larly efficient oxoopt in vary special cases. 

r 

P-... JSasiaftlg., s^aaaaJgaaiBS 

This structure aorvoo as a mounting pad for tho bearings of tho 

r 

rotating disc a mi as a housing for the auxiliaries. It, in turn, ic 

r 

mounted to the aircraft primary structure. 

Tho system of Fig. 8, would appear to have the following advantages j 

r 

1. No ongino terquo is applied to tho aircraft except for 

** 

the jot slip stream. 

r 

2. Lighter uoight/unit power occurs as compared with a 

r 

reciprocating ongino. 

r r 

3- Snail frontal aroa is achieved with a streamlined shapo. 

r r 

4. Small volume for the entire ongino results. 

5. Tho lubrication problems aro simple, probably incorpora t- 

r 

ins a closed system. 

r 

6. Low vibrating loads aro expected with vibration duo only 

r 

to intermittent burning and alternating aerodymnic loads. 
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8. Tb© configuration is simple with a small nicibar of moving 
ports. 

Disadvantages to the oyotea would bo, primarilyi 

1. The stress problem vould be very critical duo to large 
centrifugal loads created by high rotational speeds and 
the existence of high temperature gradients. 

2. With high rotational speeds, the balanco problem would 
bo najer specifically to counteract ice formation and 
engine malfunction. 

3. Poor acceleration characteristics, inherent in jot con- 
figurations, vould probably bo found. 

Detailed analysis of the system as far as advantages and disadvant- 
ages are concerned will bo nsore throughly discussed in later sections 
as the various problems are analysed. 
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III. INTERNAL FLOW ANALYSIS 

• ' ♦ 

The flow pattern through the engine is shown In Figs. 9 and 10. 

The analysis is so arranged that the various characteristics have 

** r 

boon found for each of tho sovan stations shown in Fig. 10. To 
roduco tiie amount of calculations involved, the section from Station 
2 to 3 was eliminated for this will bo primarily a function of tho 
individual design and nay not necessarily be involved in any specific 

r 

configuration. Tho actions of compression and diffuser action have 

r 

boon combined in the procoss bstuoen Stations 3 and 4- Combustion 
in a constant area chamber will include momentum pressure and cccibus- 

r 

tion chamber friction losses between Stations 4 end 5. At Station 5 

« 

it is assumed that burning has boon completed. Tho combustion gases 

r 

are tljen expended in a nozzle through Stations 6 and 7. 

Station 6 is the throat of the nozzle where Mach number 1 occurs j 
this, of course, will in most cases be under expanding if the nozzle 

r 

is cut off thoro. Station 7 is for a full expanding nozzle down to 

r 

froo air pressure. For most of the conditions involved in tho design, 
tho area at Station 7 approximates that of Station 5 so that a full 

r 

expanding nozzle can easily be incorporated. Because of tho configura- 
tion, even if those two areas were not particularly compatible, they 

r 

could be used without any great loss in the design. This is not the 
case with tho ram-jot engine, in which it is desired tc maintain the 

r 

oxit area commensurate with the combustion chamber or inlet area. 

For good specific fuel consumption it is quit© evident that the 
disc must bo allowed to rotate at a3 high an rpn as tho stress analysis 
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will allow. The general dimensions of the engine must be such that 
tho inlet areas to the disc are snail in relation to the plan fora 
disc area so that full utilisation of centrifugal forco compression 

r 

zziy be gained. On tho other hand, too large a disc will incorporate 
large disc friction losses, and considerably enlarge the frontal area 

r 

of the overall engine. The latter would in turn increase engine 

r 

volume and engine weight per horsepower developed. Thus, it would 
seen that a happy medium for the dimensions of the engine should bo 
arrived at after consideration of the factors involved and of the 
results most desired. 

The variation in gas temperature, velocity, and pressure as it 

r 

flows through the engine is shown in Fig. 11 for two representative 

r 

cas©3. The changes in each may be followed from station to station 

r 

to understand the general flow picture. The cycle represented on a 

r ♦ i ♦ 

P.V. diagram for one of the caso3 is shown on Fig. 12. It appears 

r 

that the cycle closely parallels those usod in common jot practice. 

The following analysis is now treated as a aerodynamic and thermo- 
dynamic problem; and as such, requires certain constants to be assumed 

r 

to make the power plant computation possible. The constants chosen 
uero gained either from empirical charts or from other sources that 

r 

have been well established in actual practice. The constants used are 
as follows: 

r r 

1. The friction coefficient of drag is .0030 in tho entrance 

r 

pipe. This value con be obtained only in a smooth polish- 

r 

ed pips. 
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r r 

2. Tito aubsonio diffuser has an efficiency of 90#. 

r »' 

3 . Tho centrifugal compression lo at aa officioncy of 95#- 
This value, although high as compared with values of 
normal centrifugal compressors, is doomed possible by 
the fact that the flow velocity is low, that tho flow 
contour is smooth with no sharp breaks, and that tho 
flow itsolf contacts no broken surfaces or sharp discon- 
tinuities as are involved in the normal centrifugal 
compressor bo two on the rotating blade exit and the 

r 

diffuser, floithsr of those three factors are involved 

r 

in this configuration. If the product of the diffuser 
efficiency and the compression efficiency is determined 
for the assumed values, it is seen that tho overall 
efficiency is on the order of 85# 5 this is certainly 

r 

entirely obtainable in the light of modern design. 

r 

4. The lower heating value of the fuel is 19,000 British 

r 

thermal units per pound. 

r 

5. The instantaneous values of the ratios of the specific 
heats V and for ? corresponding to the average value 
between 0° F and tho temperature in question, is given 

r 

in Figs. 13 and 14 for air and far the products of com- 

4- r 

bustlon. Arguments are temperature and fuel air ratio. 

« 

6 The variation of the gas constant v?ith fuel air ratio is 

r tr 

shown on Fig. 15. 

r 1 

7. Fig. 16 gives combustion officioncy versus air fuel ratio. 
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8. Sines the fuel is added at tho entrance of the combustion 

chamber, momentum is required to bring it up, to the 

» 

combustion chamber velocity. The loss is charged as 

a momentum pressure loss. 

9. The friction pressure loss in tho coabu3tien chaxnber is 

taken as 50% of the average of tho initial and final 

« 

dynamic pressures in tho combustion chamber. 

10. The heat lose through the combustion chamber walls is 

r 

treated as a reduction in combustion efficiency. 

11. The exhaust nozzle is assumed to have a velocity coeffi- 

« 

cient of .93 when operating at design pressure ratio or 

as an under expanding no sale. 

t ■ 

12. Standard density altitude tables were used for the do tor- 

♦ r 

■inflation of the initial free air conditions. Partial 

r 

reproduction of this table is given in Appendix B. 

Before proceeding with tho analysis, it was also necessary to 
limit certain of the variables because of physical reasons. Maximum 
combustion chamber temperatures above 3,0^0 degrees F were considered 
impractical. If at any tine, Mach number 1 was reached in the internal 
flow, except at the nossle tiiroat, it was assured that checking occurred 
and further examination was abandoned. In all computations tho physical 
dimensions of areas along the channel flow were assumed to be compatible 

r 

with the continuity relationships. Therefore, the power plant operation, 
so far as considered herein, has been with specific design operating 
conditions $ each case would involve different fixed areas so as to 
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4 

produce optimum conditions. For a system with fined dimensions and 

apocific operating conditions there exist3 only one mass flow to bo 
« 

"on design". Thun with an analysis for a particular air fuel ratio, 
apocific inlet conditions and fi:nd nossle dimensions, ~he flow for a 
different fuel air ratio will not correspond to the former analysis, 

r 

but to one with its own dimensions. For a syoton with the same 

dimensions and a different air fuel ratio, computations crust bo based 

on flow controlled by the no sale whose dimensions have been determined 

« 

by the previous conditions. Consequently, the computations made are 
valid for only the conditions assumed since the dimensions of the 
system vd.ll change in each new case. 

The variables chosen as parameters are as follows: 

i 

1. Altitude: This determines the free air temperature, 

r 

pressure, and density. 

4 

2. Aircraft Speed: The aircraft speed will determine the 

r 

inlet velocity. In tiro case whore the aircraft speed is 
supersonic, it is assured that a normal shock occurs 
prior to the Inlet entranoe and the corresponding 
changes in pressure, temperature, and density are ealeu- 

4 ' 

la ted according to normal 3hock theory. 

4 

3- Disc Rotational Velocity: As indicated earlier this 

should bo as high as possible to obtain good results and 
will ba determined more or less in any actual design by 

4 

the stress considerations involved. 

- 4 ' 

4. Combustion Chamber Inlot Velocity: This velocity must 

necessarily be low in order to obtain satisfactory 



conbustionj thus, it is a function in any actual design 

of the combustion chamber characteristics and the typo 

of fuel and ignition system used. A range of represantiv© 

* 

values has been used. 

5. The Fuel Air Ratio; This value is concerned in both the 
specific fuel consumption and the power per unit area 
developed. Since the maximum combustion chamber tempera- 
ture is a function of the fuel air ratio, it is seen that 
if the combustion chamber temperature is to be lira! tod to 
a particular maximum value, then tbore is a maximum value 
of the fuel air ratio that can be used. Also, since 
combustion can be supported only at son:© lower value of 
the fuel air ratio, its minimum is determined in any 

r 

specific design. By the artifice of burning the fuel in 
only a portion of the air flow thereby increasing the local 
air fuel ratio and following this process by proper mixing 
of the burned products and remaining air, an equilibrium 
temperature for the total volume is reached, and lower 

r 

values of fuel air ratio can be realized. Thus, the minimum 

r 

value of the fuel air ratio is also a function of design. 

The latter three parameters are within the control of the designer, 

r 

the most important being the disc rotational velocity. 

r 

The actual method of computation is now considered. Using the 

various parameters, the flow is solved for the characteristics at each of 

** 

the seven stations shown on Fig. 10, starting with free air and going 
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through tho engine in the flow direction. A liat of symbols is included 

i 

in Appendix A. All numbered subscripts refer to the station as per 

* •' r » 

Fig. 10. The computational procedure parallels tint of Ref. 3. 

Free air conditions are taken from the Standard Altitude 
Table in Appendix B. 



Station 2 s free Air Conditions Following a Normal Shock . Normal shock 

* r 

theory relationships, represented graphically in Ref. 27, are used. 



Station 2 s Flow Through a Straight Pine (constant area inlet channel). 

The flow nay be solved graphically using the two charts given on page 
» 

142, Rof . 11, which give tho friction losses in round or rectangular 
• » ♦' 

ducts. Tho prossure change is presented in inches of Hg./ft. vs 

« 

velocity with parameters of size in round or rectangular ducts. It nay 
also be calculated by means of tho approximation that the friction 
pressure drop is proportional to th9 product of tho friction facta:. 



length-diameter ratio of tho pipe, and the mean dynamic pressure. 



r 



r 



r 




whoro 




Tho laws of energy, nanentura, and mss then yield a solution for 




V, 



3 



2 



where 



i 



I 
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2 y. 



b_ = — 



^3^ + + 1 



p p V 0 * ^ “ °D V 2 



2 r* 



C s 



3 Y 



V 1 * 5> + 1 



2 y _ P, 



£_ J£ + 



!7lK + V 2 



V'nea 4c^ is equal to b, , the velocity at Station 3 equals the speed of 

2 

sound, and shocking occurs} a value of 4e^ larger than signifies 
that an impossible flow situation has been aocimod; a shorter entrance 

i 

pipe is one remedy. Using the continuity relation* 

p _f£2 ' 

3 Tj • 



Using the equation of aoiaentua* 



% a p 2 * P 2 V 2^ V 3 “ V 2^ * A P f * 
Using the general gas law* 

Pq 

T 3 = P 3 g Ha * 



Station 4 : Centrifugal Compression . Since the inlet combustion chamber 

velocity is one of the variables and is specifically chosen for any 
specific design, then it is evident tiiat diffuser action must occur 

r 

between Stations 3 and 4. Also, the Mach number of the disc periphery 
is choson and this determines the extant of compression work added to 
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the fluid. The so tvo actions will bo considered separately and then 
combined to produce formulas re la tine the flow from 3 to 4- 
Using the compressible fora of the Bernoulli equation 






and the Isentropic gas laws (Fig. 7) 




where (P^)^ p is tho pressure at 4 if only centrifugal ferea is con- 
sidered. Tbs equation is rewritten. 




Since the flow is with friction and if is defined as the efficiency 
of compression for centrifugal process only then, 

ia n n _*c 

^ c = Y - 1 . ° r n - 1 ” Y - l 



according to Ref. 15, page 39. Thus, 



(r dq.r. 

P 3 ' 



r, - i 

i * + v> 



1 + 



2 "4 







£ 

1 



I 
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and 



^Vc.F. 




Hort considering the diffuser process between 3 and 4» *id is the 
diffuser efficiency whose oquation expresses the total pressure re- 
covery as a percentage of the reduction in dynanic pressure: 

H. - K/ 

'ld= 1 - 



S * % 



where 



% 



= H - P 



(compressible dynamic pressure) 



and 



H. = B, -AP p „ (total hoad less the change 
4 4 in centrifugal fore©) 



/ ^3 " ^ 2 \ - 1 

H 3 'V 1 * M 3 ) 3 



from the isentropic gas law. By definition, 




Since the velocity at Station 4 will always have low subsonic value 3 

* » 

(loss than 350 ft. /sec.), then 

V q 4 
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h 4 “ P 4 + V 



p 4 + ^ 



then 



■n^ s 1 ~ 



P/V / 

% J>— Z— _(L£» 



W 



P,V 



finally 





Next it ia known that the work added to the fluid per unit mass a3 it 

2 

flows free Station 3 to 4 in C dT or u for coapreosible fluids (page 
• P 

601, Rof. 15) | tho energy equation then can be written 3 



2? P 

mr fa.. — i + V * 

V 1 p 4 4 



V 1 



— 2 Y 2 + y 2 

P * 3 V D 



Substituting into this equation and solving, is obtained: 




r 

s + t 
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vhere 



r = P- 



1 ♦ 






-£ ,11 



(M, +_K£2 



Yy ** 1 g 
i ->■ -*-5- m , 2 _ 



^■5 . A "Ho — 



1 *3 * 

2 jlz 



Y 3,4 " X 



+.TL 



r 3 - 1 
1 + — i 



2 H 3 



r* - i 



- TJ 



.IsJl 



2 



r . - i 2 1, p. 

± - / ^ > (p „ «* _ 

' 27 4 n V lp 3 3 ° 4 



2 P*j p P p 

= — "t r 4 + v/ + 7^ - v. ) 



p 4 = *>/ 



*> 






T, a 



4 p 4 8 a £ 



(Sq. of Stats) 



P/ V y 

A. = vharo A. = 1 (Continuity) . 



Station- .5 1 i^gtaal -M:* PW&S- By continuity 



\ 

b = p^7, = p.V. + -f- 
p 5 4 4 g 



?, V -f W . • 



Usin'; nooentura 
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\L 



P 5 + (P 4 V 4 + f> + - P 4 - P 4 V 4 2 = ° 



A + V 

uhoro C( '* " ■ la the ccesbuatioo ch&sbor friction pressure looo. 
Thin 



P 5 * P 4 + P 4 T 4 2(1 * 4 > * P 4 T 4 V 5 (1 + 4 )( " iL T — ^' 



a 



Using energy 



? c V/ 

JL + - 2 - 
T- - 1^ 2P 5 2S 



<w a + H f ) = 



7 P V ^ 

( i , , 4 , i ) _ 4 _ + «*L. 
? 4 * 1 SP 4 % 



(« a + w f ) + J(a.v.)i| b ¥ f 



irhoro T). is the burning efficiency. Substituting tbs equations for 
pj. and Pf. into the latter aquation* 



fe c +^/b/- - 40 



V — —2 

5 “ 2 



2 

S, I -T 2 j 



2 r. 



b- = 



W 

( ) 

M.T J. U ' 



7 / . 0 v , 'V +W„ 
T 5 (I 1 *-) +1 a 



p t + h (1 ‘ *’ 



Whore 
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c 



As before 



SfeftAPfl £ 



where Y,. 



where Y^ 



Vll 



? 5 (1+ §> + 1 



*L P A 2 5x1cAh.T. 

7771^*4 



b^ must be greater then 4c ^ so that chocking will not occur. 



T_ = — ^ 



5 ' P 5 S K c 



Pgj^ t ipp.g^-^Jte^J2sr^ 



S 6 = ? 5 






-1 _ll 



f££ 

y^TI *r 5 (r 5 a 1) p 5 



r 5 ‘ 1 



6 ~ x 5 



2 . Y 5 " 1 P 5 V 5 

~ + r 5 (Y 5 + i7 -tf- 



is used for simplicity in both equations instead of ths average. 



p 6 ~ gR T 



c 6 



’6=/^ 



is instantaneous for the products of combustion. 

A ' 

6 P 6 V 6 • 
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Station 7 t Flow Out the floszlo Sait (conditions fully expanded to the 



free air pres cure P^). The tenperature at Station 7 ig first guessed 

and the instantaneous value of Y for the average between Stations 5 
* 

and 7 i3 usod. Then tho process is repeated if the error in the guess 



was greater than 25°. 



* 7- *5 






r 5-7 ' 1 



'5,7 



T 7 = C v 






2i2L) + v 2 

? 7 - 1 ' v 5 



uhere is a velocity coefficient allowing for friction in tho nosale. 



P» = 



7 " # 0 T 7 



A -££5 
A 7 ~ p 7 V ? 



The expression for thrust consists of three terns : The first gives 
the tlirust from the acceleration of the air mss, tho second gives the 
thrust from the acceleration of tho fuel mss, and the third beeqaos 
effective if tho exhaust pressure i3 above atmospheric. The thrust per 
unit combustion chamber area then is 






% ■ P 4 V 4 <V + »4 T 4 ( if> », * tt 



x 






or 



24 




We (1 V ) * < p 6 - V £ 

A 4 



and 



<a7>„ » Wv v > 



The loss in thrust duo to the intake air is charged as an engine loss. 
It oust bo supplied by the propeller if the situation is idealised as 
in the sketch, since the intake air is brought 'to rest in 




the axial direction. Later the gas 13 accelerated from zero velocity to 

i 

in the circumferential direction. The expression for (F/A^) pre- 
viously referred to will bo a gross value since it does not include 

r 

thrust needed to supply work for spinner intake or centrifugal compression. 

F P ' F. 

Thus (-j 2 ) will be for a full ^ expanding noazlo, (t"*) will be for 
4 gross ’ 4 gross 
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F p 

a sonic throat exit, and (-r®) will bo for a full osroanding noasle 

4 not 

with included losses in on idealised arrangeoont as shovm where the jet 
exit is circuaforential, perpendicular to the longitudinal axis. 

T r 

(■7 s ) is caamtod as follows: 

A 4 net 



A, 



T] 500 



whero T) , is tbs efficiency of 



< • * • • r 



conversion B.H.P. to T.E.P. 



1 1 2 
Conpreosion H.P. _ 



4 



550 



Pros. Jot H.P. _ V » 



4 



Mdb&JLL*. 

A 4 



550 



(f pAU v » ( V^ 

“ 550 = 550 



gross D 



H^SSO^ +V 1> 2) 



or 



V. 



(F 



P / A 4^not 
o 



F P 

=(-£*) - <f*> (lV + V D ) 

A 4 gross a 4 t *c v D ^ 



r r * 

Tho specific fuel consumption in lb. fuol/lb. thrust-fir. was computed in 
accordance with the following formula: 
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S.F.C. 



3600 r.a (m/ V 

(f/a 4 ) 



where (F/A.) is tho not or gross valuo as dosirod. 

A »* i • 

Tho not values of S.F.C. and thrust were included in tho computa- 
tions so as to give a basis of comparison with other jot cycles. It 
will bo shown la tor that those values are conservative to what can bo 

obtained by proper orientation of the jet exit angle for any specific 

•* 

sot of design conditions. 

Tho results of he computations are represented graphically oa 

* r r 

Figs. 17 through 28. Tho conditions of, (a) ooa level, (b) ML = 2.0, 

r r r r r ^ 

(c) V. - 300 ft. /sec., (d) Y, = 230 ft./sec., and (e)^f « .020, were 
chosen as a basis and then all variables were fanned out from the so 

r r « r r 

values as appropriate. Figs. 17 through 21 give S.F.C. , both gross 

r 

and not, for the five variables. It should be noted that in gonoral 

4 t r 

the net S.F.C. at low aircraft speedo and moderate disc Mach numbers 
is considerably below that of the ran-jet operating at its optimum 

4 4" I • 4* 

spood of about 2,200 mph, (Fig. 3). The rapid rise of (S.F.C.) not 

as the aircraft speed is increased towards M = 1 is due to the influ- 

*■ 

2 

enco of tho intake loss which is a function of V . It is seen that 

... a 

the major effect on S.F.C. is tho fuel-air ratio followed by the disc 

r 

Mach number. Altitude ha 3 a normal effect as in other jet cycles, but 

• r •* 

S.F.C. 3QGQ3 to be practically unsensitive to combustion chamber inlet 

i* 

velocity. 
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Fig. 22 show cycle temperature variations with yU • It is seen 

that for the basic condition if the maximum tenperature of 3,000° F 

is not to bo exceeded, then the fuel-air ratio would faavo to bo United 

• * 

to an upper limit in the neighborhood of .05. It should also be called 

to the attention of the reader that in most of the conditions for which 

* 

the variable e were allowed to range, the atochoaetric value of .067 

could not be attained 3ince chocking would occur in the combustion 
•* 

chamber. In many of the runs^/f was limited to 1/2 stochomotric as on 

* r 

upper valuo .0 33) because of chocking or the 3*000° F limitation. 

* 

The curves of Figs. 21 through 24 have the air-fuel ratio as one 

r 

argument. Consequently, the results oust be tempered by the discussion 
already aodo on the effect of a change in fusl-air ratio with a system 

r r 

of fixed dimensions. By comparison of Figs. 21 and 23, it is seen that 
a greater effect ia obtained on the specific fuel consumption than on 
the thrust per unit cceabustion chamber area by a change in fuol-air 

r * 

ratio. Fig. 24 gives tho relative sizes of the nozzle throat exit 

r 

aroa3 in comparison to the combustion ohambor areas. Fig. 25 is lnclud- 

i 

od to show the comparison with the ram-jot. Tho different Ida oh number 

r 

operation in each ease 3hould be taken into consideration. 

• r 

Figs. 26 through 29 give the results of tho thrust curves versus 
the five variables. The rapid rise in thrust por unit combustion 
chamber area for an incroaso in the disc Mach number is readily evident 

*' r 

cn Fig. 26. As with specific fuol consumption, the effects of cosbus- 

i 

tion chamber inlet velocity and of altitude are the same. Referring to 
»• 

Fig. 27, it should be noted that the not thrust curve seons to be fairly 
constant at the lower velocities but drops off at higher velocities; 



this result is again dm to the increased loss of the intake ram as 
higher values of speed are used. 

The factors in any particular do sign would be determined more or 
loss by the parameter trends indicated on the various plots. Th us, 
although the flow is not particularly sensitive to combustion chamber 
inlet velocity, both specific fuel consumption and thrust are enhanced 
by the higher values; it would ssem desirable then, to use as high a 
value as possible to gain better values of specific fuel consumption 
and thrust. Since altitude is beyond the control of the designer, 
the altitude trends produce no design criterion oxcept for the desires 

i 

of certain results at a spscific altitude. In regard to the aircraft 
speed which is also beyond the control of the designer, it vrould seen 

4 * 

that botter results could be expected at the lower velocities. The 
function of the fuel air ratio is such as to require &3 low a value 
for cruising conditions and as high a value whore thrust conditions 

4 

are paramount. All of the afore mentioned trends seem to fit into the 
pattern of other standard jet propulsion systems except for the varia- 

4 

tion involved in aircraft speed. By comparison to the results of other 

4~ 

types already given in the form of graphs on Figs. 1, 2, 3» 4, 5, and 
25, it would seen that in general, superior values of the specific fuel 
consumption and thrust por unit combustion chamber are achieved in the 

4 ' 

centrifugal jet cycle. 
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IV. DISC BBS 103 

The general arrangement of the disc has been described in Section 

i r 

III and appears in solid color on Fig. 8 . The flow channel is clearly 

< r 

depicted on Fig. 9. To secure minimum frontal area and engine compact- 
ness, the disc diameter should be as small aa poasible commensurate 

r 

with good internal flow conditions. Small disc siae will result in 
lower disc losses, lover weight per horsepower, and a smaller power 

r 

2 

0 package 0 . Since the disc stress is proportional to , changing 
the 3ioe (disc radius) will not affect the maximum stress condition 
if Vq is maintained constant. 

The dioo oust accommodate the necessary fuel, ignition, and lubri- 

r 

cation components. This appears to bo no problem since adequate, 

f 

accessible space is provided. Provision for driving the auxiliaries 
is made by incorporation of an accessary gear drive on tbs end of the 
disc 3haft; the drive turns within the stationary casing where ample 

r 

room is available for housing the necessary units. 

In c caput tag the losses sustained by the rotating disc the follow- 
ing were considered : (1) internal face friction drag, (2) internal end 

friction drag, (3) external face friction drag, (4) disc seals, and 

r 

(5) disc bearing. It should be noted that losses in the flow channel 

r 

wore accounted for in the internal flow analysis of the previous section. 
Also, the losses incurred by the gear train are figured along with tbs 

r 

propeller I 033 . Their sum appears as an efficiency, t)„, of conversion 
free brake horsopowsr to thrust horsepower and is charged to the 

r 

propeller-spinner section and not to tbs engine itself. This is done 
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since it was folt that the gear train and propeller will vary consider- 

r 

ably with the specific installation and as such, should be kept integral. 
Also, the percentage of the power cut rut transiaittad to the propeller 
is a function cf aircraft speed as is the efficiency of the propeller 

» r 

tjp • This will bo shown later in the next section. Actually the bearing 
loss as computed, is of such a magnitude that it probably could include 
a large portion of the gear train loss. 

The detailed method of computing each of the losses will now be 

f «’ 

considered. Each is figured as a horsepower loss, necessary assumptions 
made are discussed as presented. The disc will bo assumed to have tho 

r 

following shape for computational purposes. 




A. Interna l Face Fri ction Drag 

In the design it was proposed to evacuate the clearance spaces 

i 

in ordor to reduce the skin friction drag. This can be dene since in 

. f 

theory drag i3 directly proportional to the pressure. This desire 



would necessitate incorporation of seals. According to the calculations , 






I 
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the sum of the seal losses and reduced pressure drag losso3 la consldo 
ably loss than thoat which would bo experienced by allowing free air 



faco losses amount to approximately 2 - 1 / 2 $ for a 2,000 T.K. F. engine. 
If no seals wore used this loss would increase to a prohibitive value. 
Tho faco and seal loss is a function of the engine size; it decreases 
in percentage for the larger enginos. As an example, it drops to tho 
order of 1 % for a 10,000 T.H.P. unit. 

Tho incorporation of seal3 would also tend to reduce tie ptaping 
action in the clearance void by isolating it froa the free air. 



pressure and no seals. Using a reduction ratio of 1/20, tho seal and 




M, 




P = P D e 
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This indicates the existence of a pax; s sure gradient decreasing expenen- 

4 

tially toward the center of the disc. The effect of the decrease in 
pressuro is somewhat offset by the fact that the mjor portion of the 

r 

disc area is operating at pressuros approaching Pp. The pressure 
gradient effect will not ba considered in the computations because of 

r 

its complications and the arbitrary choice of pressure reduction ratio. 
Using the formula 



D 




where M = Mp 



the Eonent duo to the skin friction my bo computed* 




5 



Comparison of results found by methods contained in Ref. 36 with those 
obtained by this approach, indicate that no re conservative values are 



r 
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realized from the latter. Thu3, this formula will bo used because of 

r 

its simplicity. If "o" is the pressure reduction ratio and P is for 

r r r 

free air then the pressure acting on the faoe is ©P. Then the H.P. for 
two sides is i 



H * P *2 sides 



jgar 

5 550 



a. I^t^.rnal , Enfl, gfciffiUQP fiTSS 

If "sf is the radial width of the jet exit, then it will bo said 

r 

that tfco disc width is IQs. This can bs justified since in current 
practice the combustion chamber length is of the order of 7 to 8 tixaes 
its width and the nozzle length 2 to 3 times its width. In like manner 

r • 

the H.P. is computed: 




A. 



H.P. = (C f" " 2 ' " 



550 



C^YoFMptrRp a IQs r 

= 550 
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C. Exposed Face Friction Dra.~ 

In the smaller engines it will often bo tho caso that only a por- 

r 

tion of tho annular jet exit ring will be occupied by exit area. This 
is duo to the gocciotry and the requirement that the jet exit width 
mast be of sufficient nagnitudo so that Hie channel lias practical ratios 



of area to parimotor. It was arbitrarily decided to charge off the 

entire exposed ring area as a loss in every caso to 3000 what compensate 

•* 

for other non-included losooe at this point. It is ac 3 un»d that x io 

r 

snail in comparison to R^. 



The three losses just computed can be combined as follows as aiming 



o *Z7TR d ° X 





550 








+ 43 ? 



ff 



The value of C„ In the above equation may bo taken from tfjo curve 

• A i r 

of Fig- 30 which was pieced together from Rof . 10. An average value 

r 

of .0032 vas assumed} this will be conservative since the major part 

4 

of the disc areas operate at the higher Mach numbers. 



D. Disc Seals 

To find a value for the coefficient of kinetic friction at high 

r • *• 

sliding velocities. Fig. 31 taken from Ref. 34, was used. 3ooauoe the 
relative notion between the stationary casing and the rotating disc 

r r 

vrould be in the neighborhood of = 2 or 2,230 ft. /00c., values of 
the coefficient were required at considerably higher velocities than 



thooo shown in Ref. 34. Consequently, tho curve of Fig. 31 ms arbi- 

♦" 

trsrily extended in xihat was considered to be a conservative cannor. 

r » r r 

This gave a coefficient of .08 at 20,000 ft. /min. From Rof. 17, 

•' r 

pages 4-44 is found tho otatooont n — above 100 ft. /min. tho coeffi- 
cient of friction varies approximately as the square root of the speed— 

I* 

— n . Using this approximation the curve could be extrapolated on out 

4* 

to tho speeds in question} this raethod gave comparatively low losses. 

In order to use a more conservative approach, tho seal was con- 
sidered to bo mdo up of a series of rings fitted one inside the other, 
each with a velocity in respect to adjacent rings of 20,000 ft. /min. 

4* 4 4* 

or 33 ft. /see. The seal will then bo comprised of so para to rings. 

333 

Tho coefficient of .08 will be assumed to be acting between each ring. 

Tho contact width of oach ring will bo assumed to bo 1/3.0” ; tho rubbing 

XI * • 4 » 

D 1 

surfaco area will then bo S - — * VV ' f''Y5 • 2 Rp sq. ft. Tho normal 
pressure that oach ring exerts will be assured to be one pound per square 



r 
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inch. The total normal force on the sliding surfaces is F = 144S. 

r ** fl 

The drag force then is = .08(1443) per seal. The complete closure 
for tho disc vrill be assuraod to be four seals, tvo for each side at 

r 

the jet exit. The resulting loc3 in horsepower is: 



JL£j 



4 ring seal 



= .1323 . I0“ 4 HjjVp 2 



Tho effoot of lover relative velocity than between tho disc and 
spinner is neglected. 

i 

E - fi?ar,^..L9sPg£ 



Soaring losses vero caaputed according to tho methods outlined in 

r • 

Ref. 16 for assumed dimensions. These diiasnsions were governed by 

» 

current practice according to tho engine horsepower. If the engine 
siso was expressed in terms of tho jet gross horse power, it was 
concluded that a conservative estimate of tho bearing lcs3 was 3% of the 
jet horsepower. 



H.P. 



= .03 



550 



( 



cos 0 



) 



r 
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V. SPECIFIC ENG HIES 



In this section the performance of several complete engines will 

r 

be covered. In order to solve for all losses, s pocific dimensions 
r.rust bo assunjod? this is done in such a manner as to bo the raoot 

r 

efficient within tho limits of practicality. Since the installation 
is to produce t/arust as economically a 3 possible, this problem vrlll 

r 

now be investigated. The first phase is to calculate tho thrust 

r r r 

produced? or for our computational procedure, the T.H.P. for a parti- 



cular set of conditions. 

r r 1 

For the dotensination of T.H.P. an T^, is assumed; this efficiency 

<-**■*•» • • • 

factor relates the conversion of the disc B.H.P. to the T.H.P. furnish- 

r r r r 1 1* 

ed by the propeller. It is expressed by T.H.P. = rj B.H.P. The 

1 r r r 1 r « 

reduction in conversion froa B.H.P. to T.H.P. therefore includes gear 

r* 

train, propeller, and spinner losses. It is considered that gear train 
and spinner losses vill be fairly snail. Propeller efficiencies have 
toon vail established over the subsonic aircraft speed range? rjp in 

r r * 

the neighborhood of .93 up to a Mach number of 0.6 are referred to in 

r r r 

Ref. 39. Thus, it would soon that a value of 0.9 for T)„ was perhaps 

r *> r 

about the uppor linit. Computations have been included with tl - 0.7, 

r r r * 

0.3, and 0.9. 

• » r 

By roforsneo to tho below sketch a formula for tho T.H.P. raay now 

1* 

to derived. 
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The quantities (Q-Lossss) and are tho components of tJio jot gross 
thrust in tho circumferential and axial directions, respectively. The 
forco (Q-Loseos) nust produce tho horsepower to drive tho pro pallor 
and account for tho disc lo3303, pumping power, and intake ran loos. 
”Q" represents that portion driving tho propeller and ‘’Losses” the 
combined losses. Q.H.P. and L.H.P. are the propeller and disc loss 
horsepowers, respectively. 



T V 

T.K.P. =Yl ,Q.H.P. + - Intake Ran H.P. 



but 



F cos 6 Vj 
550 



= Q.H.P. + L.H.P. + Pumping H.P. 



or 



F cos 0 V D 

Q.H.P. a - L»H.P. - Pumping H.P. 



Then 



F cos 0 V n F cin 0 V 

T - H - p - “ tz 550 ~ * — wT 2 * 1 , *■■*■*■ 



550 



^ r . Pinning H.P. - Intake Ran H.P. 



Tho above oquation is now rewritten in tabular form 

T.H.P. = Summation of the quantities (A) through (G). 

(A) (propellor-losoeB) + £_ • • cos 0 . 

( ~^/Arj)An 

(B) (jet thrust) + . — ~ . 3 in 0 . V & 
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(C) (pimping) 




(G 

550 




(D) (intake ran) 



(a/A 7 )A 7 

550 




(15) (disc skin fric- 
tion) 




% 



D 



(F) (disc seals) 



ri z . 13.28 . 10* 6 Rp 




(?/A«)Ab 

(G) (disc bearing) -JJ S . 



see 6 • V^. 



How, it i3 dosirod that the aaxiimxa re tun of T.H.P. be gained} 
consequently, the T.H.P. equation will be mxiiaised in regard to 6. 



U HP n„V(F/A 7 )A 7 ‘ V o (FA 7 )A 7 

^ P 550 1 (°ln 9) ♦ -i- pj- 2 oo. • 



. >?- V - 



18320 



cec S tan 0 



Yr 



0 = - ?„V n sin 0 - ~rr~- + V coa 6 

‘ sD cos 2 S a 



si“ 6 1 + 






33*3 ooo 6 



-r-— ) = V cos 0 

.<£ G, 



tan 0 » 






D 



~ v 330 cos^fc 
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Sort, limit 6^ . to 20° which is reasonable if any jet ogroso 
is to result without alternation of the design. It is of interest 
to note that the Uniting 8 to 20® where actually if 6 should be in 
the neighborhood of 10° for optimize conditions (low subsonic s poods 
and fairly high velocity ) ; results in a T.H.P. loss of only about 1.3$. 
Choosing values of and Vp conductive to large 8* a, it is found that 
40° corresponds approximately to V Q = 12CX3 f /sec. (M = 1.07 at son level), 
? D = 1800* /sec. (M = 1.61) and ^ a 0.8. • For 8 between 20° and 40° 
the term in the parenthesis will vary between 0.966 and 0.952. A valve 
of 0.96 will bo assumed as an average. In this way a simple formula 
is evolved for 8. 



.96 V„ 

tan 0 

”s v D 



By use of the above formula, 8 no longer appears as a variable in 
the T.H.P. equation. T.H.P. is then a function of the following vari- 
ables} V V *- and A^. The disc velocity Vp will be liraitod by 
stress considerations . The jet exit area is a function of the power 
required of the engine 3inco it determines F for any particular Vp. 

Bp and x in turn depend primarily cm A^. By those considerations the 
naxinua output may be realised. 

To compute T.H.P. the values of (F/A^), (a/bj,), A^, Vp, q , x, and 
Bp are needed. (F/A ^) and (a/A^) are given v3 Mp cn Figs. 32 and 33, 
respectively. They voro computed from the internal flew analysis. For 
easd of computation and obtaining optinun conditions in any actual 
design, the formula for these two curves was found. The method and 



a 



results are shown on Fig, 34. The formulas are valid for an Mp 
greater than 1.5 and less than 2*1. 

Is estimated according to the thrust that the engine laust 
produce at a particular V • The values of x and were next esti- 
mated from the valuo of Ar, chosen; consideration of the inlet area 
and engine siae governed practical values of R^, while 6 and 
gave an explicit valuo of x. The jot exit width, x, xjas limited to 
a minimum value of 0.6 inches. The following table gives the values 
used. 



Aj sq. ft. 


R^ft. 


x ft. 


0.2 


1.0 


0.05 


0.6 


1.125 


0.085 


1.0 


1.25 


0.1273 



The disc velocity and conversion efficiency ware allowed to range 
over representative values. To gain an idoa into the relative magni- 
tude of the components of T.H.P. , the values computed for tho "basic" 
condition (defined in tho Internal Flow Sootion) for an engine produc- 
ing 4,100 pounds of thrust at an aircraft speed of 300 fpa. are 
listed below: 

V a s 300 fpo. 

Altitudo = sea level 

Mjj = 2.0 



Arj — 0.2 
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TU 

**> 


= 0.9 




e 


3 8.2° 




(A) 


(propeller-losses) H.P. 


+ 7,330 


(B) 


direct jet H.P. 


+ 157 


(c) 


pumping H.P. 


- 4,860 


(D) 


intake ram fi.P. 


96 


(s) 


disc skin friction H.P. 


- 41 


(F) 


disc seal H.P. 


59 


(G) 


disc bearing H.P. 


- 225 




Final T.H.P. 


+ 2,240 



Tlxts corresponds to an ooonocy S.F.C. of 0.623 lb s./T.H.P. Hr. or 0.343 
Iho./Lbs. Hr. j occmny S.F.C. is dofinod as f f ^ pf^Hr” diffor- 

entiato it from tho jot S.F.C. Tho former figure may bo compared with 
0.612 for a good reciprocating engine at soa level (0.55 
and the latter to 0.99 for tho turbojet engine. The turbojet S.F.C. 
was taken from Fig. 35 which is a graph of Rof. 2. 

Turning now to Figs. 36 and 3*7, the results of the coapitations 
are seen. S.F.C. eaons to vary almost linearly with Hp particularly 
at tiie higher conversion efficiencies. The change in S.F.C. with 
aircraft speed reaches a minisiun at about 700 fps. or 477 mph. The 
variation i?ith with an assunodT)^ = 0.9 is such as to give very 
satisfactory values over the range of speeds up to 900 fps. Attainment 
of an approaching 0.9 above 900 fps. is very doubtful. 

Figures 38 and 39 give the T.H.P. characteristics • 



For tho sake of c caparison and evaluation of tho results, tho 
following table is included using Fig. 37 for sea level conditions 
and an aircraft spood of 300 aph. Tho engine size corresponds to 
Ar, = 0.6 for the below comparison. 



Engine Sise 


Centrifugal Jet Eccacqy 


Turbojet Economy 


9# 000 lbs. thrust 




i a/ lbs* 


0,476 lbs. Hr. 


1,06 lbs. Hr. 



Engine Siao 


Centrifugal Jot Eeoncey 


Reciprocating Eng. 
Economy 


7,200 T.H.P. 






0,595 T.H.P. Hr. 


0,612 T.H.P. Hr. 



Thus, for the "basic 
proposed centrifugal 
and turbojet engines 



condition", the superiority in economy for tho 
jot engine design over both the reciprocating 
is oh own. 
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1 . rROPCLLSrt BLIPS (BtARAOTSRISTICS 



The next phase of study will involve the design approach for a 

i 

supersonic propeller. This approach will be based on the standard 

i 

strip tiieory analysis. Experience has shown that the theory is reliable, 

» 

within satisfactory Units, for relatively conventional propellers. 

It will account for most of the variables in design and operation, 
but typical theory application neglects sons factors, ouch as inter- 

4 

action between sections and boundary layer action in centrifugal fields. 
First, in order to udo the theory, it is necessary to have the 

r 

propeller blade section characteristics. For the analysis contained 
herein, all airfoil characteristics will bo presented in the fern of 

I* 4 

(L /&) ratios. Figs. 40, showing (L/D) ratios vs Mach nrnbor for various 
thickness ratios, has boon conputod from the data presented in Ref. 39. 
The date for Mach numbers less -than cos were taken from test measure- 
cents while that for Mach numbers above M = 1 is attributed to calcula- 

4 

ticeis according to Busemnn. Tho results are for infinite aspect ratio 

4'* » 

uingaj thus, thsy are two dimensional curves. Using Ref. 29, the curve 

r 

giving (L/D) ratios of 50 below M = 0.6 can be conservatively maintained 

4 

6 

up to thickness ratios of 21$ where the Reynolds nuabor is 3 x 10 . 

The poor (L/D) ratios for Mach numbers approaching M = 1 and above, 

r 

is clearly evident. Since a high level of propeller performance demands 
good (L/D) ratios, it would naturally be expected that low strip effi— 

r r 

cionoios would be experienced for sections operating above M » 0.8. 

It now bocoaos clear that if a satisfactory supersonic propoller is to 
be developed, it is not going to be done with the supersonic curves of 
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Fig. 40. 

The author proposes as an answer to tho problem, to vise an 
appropriate delta ring plan fora which will produce higher (lt/D) 
ratios. At the 3ano ti:ac this method involves a finite aspect ratio 
and thus accounts for three dimensional effects along the supersonic 
span. Curves 41 through IJ1 show v&at can be theoretically accomplish- 
ed in this direction. Rof. 30 va s used to calculate tho lift coeffi- 
cient, the supersonic wave drag coefficient, and the correction for 
drag due to lift. All data presented is for double wedge profiles. 
Ref. 26 may bo used to calculate equivalent information for biconvex 
or nultislope airfoil sections. A General treatment of the subject 
matter is found in Ref. 28. 

Tho (L/t)) ratios were computed by the following method. 



dC. 

°L ■ <d?> « 



S =G D. 



U 



(wave drag) 



°D “ C L G 



(skin friction) 
C T 

l t 
da' 



( “a.) = ( fSi) „2 (_£.) 

'aC L ; 'da' 'aC^ 



(drag duo to lift) 



where 



lift. 




^gC”) is a correction tern to the coefficient of drag due to 



Using Fig. 30, C^, = .003 Is assumed as a practical value j then 
.006 for both side a of the airfoil surface. Finally 



l£> 




dC T 

‘-sS>« 



dC L 2 °D 
\ + \ + ( ^ ) ° 



Since tlie aaxisrus (L/t>) ratio is do aired, the last formula will be 
aaxiEiised with respect to c. 



da 



. dC T 



. On r d °T "SO, - dO. , B. 

>' <^> - Lv^ } * y*> 4 * Q?_ 



s 2 



0 * “ 2 (r it ) ( ^> * °d w * °» 



or 






\ (fi) (JS) 

\| v du' v aC L ; 



for (L /D) cax. 



Cp = 2(0^ + C D ^) for (L/D) ms. 



(0 D + °D > 



°L = “ . MTS* - " 



V<*L> 



for (L/b) ms. 



then it follows that* 



47 






nax 



'a ( \ * v 

do (Cp/uCj 

2( \ ♦ V 



1 

2 



(dCj/du) 

tV°V <% - % > 

n j r 



or 



' 2 ( c d /° 0 i ) W 



optimum 



To uso the above formulas the values of , (dC^/da), and (Cp/aG^) 

V? 

a re required . Their evaluation may be computed from graphs involving 
certain parameters which are now discussed. 

The dolta wing is assumed to bo of a symotrioal double vedgo 
profile and it takes the following plan fora. 



FLOW 




I 



A study of the sketch will show that for any root chord ”4 n , the 
plan fora is completely determined by the loading edge swaopback anglo 



"(p n , tbo constant ,! b ,! which do to rained the position of tho maximum 
canber lino, and the constant R a r wMch sweeps tho trailing edge back 
if positivo and forward if negative. Tho variables <f> and atresia 
Mack number M are combined in tho paranster k where k is defined i 



By entry into the Figs, of Ref. $0, Cp , (dCj/do), and (C^/cC^) are 



given vs k with parameters a and b. For further detailed discussion 
of the oonpratations, the reader is roferrod to the references given. 

Tho results of the calculations ore now considered. Unless 
otherwise stated a = 0 (no trailing edge swoop), b = 0.2 except for 
k greater or equal to 0.8 when b = 0.5, and correction for Cp/aC^) 
i3 included. Fig. 41 givos (L/t?)^ y vs k for a 1% section at Mach 
numbers freo 1.1 to 2.5* The characteristic drop in the (I^to) ratio 
as Mach number increases is clearly shown. It should bo noticed that 
the Kiaxiairt values occur at the same k for any Mach nunbor and any 
particular v . Those two trends have been substantiated by the author, 
for thickness ratios up through 6£. Fig 42 shows the change in tho 
character of the curves as thickness ratio is increased for M = 1.1. 

The shift towards lower * , k , s n as tho % is increased is common to other 
Mach numbers since all curves of any one thickness ratio have the case 
general shape. For the lower 't's considerable choice of k is possible 




w 
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for high (L/b) values but less latitude of choice mid greater sweep- 
back (lower ’’k's" ) is required at larger a’o. This trend ia attributed 
to tho much greater ratio of K at the larger thickness ratios. 

I? 

If tho (Cp/oC^) correction is neglected, the curves of Fig. 43 
result. It is seen that these curvos allow, in general, higher r k's R 
while tile nanintn values of (L ^W. are considerably reduced. Also, 
k for the smcLfcitrE values for ary particular thickness ratio is no 
longer constant. Comparison of corrected and uacorrectod curves for 
several t >c is raado in Fig. 44* The spread bo tween each pair of 
curvos beccmao least at tho higher k values. 

Next tho problem of trailing edge siGopback is considered in 
Figs. 45, 46, and 4V. The fir3t two are results at Mach numbers of 
1.6 and 2.0, respectively. Both Figures evidence the narked improve- 
ment in (L/D ) ratios with trailing odge suoepbnok; this inprovsnent 
is accompanied by a shift to larger loading edge 3wsep (smaller ^k’s”) 
for attainment of mxirua ratios. The decreaso in values with Mach 
mrabor increase i3 not changed by incorporation of trailing odge swoop- 
back. . The final figure of this section shows this goose trioal decrease. 

Sufficient airfoil (L/b) data end trends havo boon presented in 
this section to allow design of a supersonic propeller. The author’s 
design approach will next be demonstrated in tho following section. 



! 



I 
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m * ■ fi ^TO CL j aegEBa a^fi . ff &ggaagB 



The configuration of a supersonic propeller based on the data 
of the preceding section will depend nrinarily on "k” bocauuo it 
governs the mxicn n (L/t>) ratio. If a propeller is operating at a 
particular rpa. , then its sections will bo operating at Mach nuraboro 
depending on the section radius. With the Mach nuabor determined and 
a specific thickness ratio indicated, tb© nost advantageous "k ,! can 
be decided upon by consulting curves of the type shown on" Fig. 41* 

If the trailing edge swoopbaek is involved, then curves of the sane 
nature shown in Fig. 4? should bo used. With the choice of "k" nado, 
tho loading edge owespback for the section is than computed from the 



oay bo ccaputed by ordinary go eras try. 

If section Mach maabors are laid out ca a radial line front tho 
center of a propeller as in Fig. 48, and a k = 0.5 is aosuaod through- 
out, than the curve AC is found to bo tho loading edge. The dotted 
Doction AO is arbitrary but shows about tho o too pest practical curva- 
turo. The hatched circlo in tlio center comprises the propeller spinner. 
Tho radial linos dram intersecting tho loading edge lino AC at various 
points indicate tho position of blado "cutoff for a particular pro- 
peller tip Mach masher. Tho dotted liras to sees of the loading odgo 
"cutoff points indicate arbitrary trailing edges and thereby servo to 
show the relative scope of such a propeller. The treoandoua incroaso 
in plan fora area by a snail increase in tip speed at tho larger "cut- 
off points should bo noted. Tho area is oosontially doubled by going 




The trailing odgo sweep angle, if involved. 
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fToa a Mach nmbor of 1.6 to l.S. 

With the genoral outline in za.trul for drawing a plan fora, attention 
will now be turned toward creating a s pacific propoller. In ordor ‘to 
do this a few of tho more important problems will bo mentioned which 
a f foot tho design. It should bo recognized that tho optimum propeller, 
for any given aircraft speed and propeller tip Mach number, could 
easily be deaignod; but for practical cases this is not satisfactory. 

A propeller must be able to produce good performance over a range of 
speods. Tills requirement lias a large effect on tho choice of B k” which 
will bo evident if the situation is examined. 

Once tho loading edge is laid down, <f> is a fixed value; then r k n 
is a function of the blado sloaant Mach numbers. The latter is the 
vector sun of both the aircraft speed and the propeller velocity fa? 
the section. Thus, "k n will vary with a change in oither one, which 
indicates that a range of *k" values will have to bo considered if 
best results are to be obtained. 

The loading edge is designed for the n k" corresponding to tha 
highest relative Mach number at which good performance is required. 

This aeons choosing as high a n k" as possible which will produce 
high (L /D) ratios for the thickness ratio and Mach number in question. 
Then as tho relative Mach numbor is reduced by a reduction in oither 
aircraft speed or propeller rjsa., the various sections will operate 
at lower n k w values. In thi3 connection, the airfoil characteristics 
seen to indicate a spread of 0.4 to 0.5 for n k n where the curves are 
fairly flat; t. is should be tbs range used for design. 
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If trailing edge svocpback can bo tolerated by tho otreso situa- 
tion, it should bo incorporated since it produces higher (L/jD) ratios 
and has its ’’flat*’ range at lover t, k , s n as soon on Figo. 45 and 46. 

This has an advantage aside from tho bettor porforroanco in tho fact 
tl-at with lower "k’s", larger sweep angles are dictated which allow 
considerable plan form area enlargement with no increase in propeller 
dianotor. 

In regard to thickness ratios, it should be clear by now that the 
thinner sections aro far superior both in (L /D) ratios and in tboir 
"flat" range of B k , o K . It is proposed by tho author to make the pro- 
peller blado very thin and flexible as compared to the present practice 
of malting propellers a3 stiff as possible to reduce vibrational c co- 
plications. With a very flexible blade, bending stresses would bo 
reduced 3inco the blade would assume a very small dihedral angle (on 
the order of 1°) dependent on the relation of the magnitude of the 
thrust and centrifugal force loads. Operation could bo likened to 
fans currently produced that have cloth tape for blades. 

Next, the calculation for performance will be considered. The 
measurement of propeller efficiency for a blade element is developed 



as follows* 
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L 



V 'rel 



& 



V D 

_ _ powr _ jb k.wa/Lr..ff. p.4p #L 

1 powsr input Q? p Vp L sin + E cos 

¥ q 1 - ^ tan if 
~ Vp ton ^ ^ 

but 

V 

^ = tan and ^ = tan Y 

then 

t an 

^ " tan (if+ Y) 

This function is plotted in Fig. 48 vhioh waa taken free Hof. 11. 

TlV 

J = 1 = if tan tf 

V P 





If* 
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then 



T) 






This function is plotted in Fig. 49 and vd.ll bo the graph used to 
determines taction efficiencies. Maximizing the propeller efficiency 
equation with respect to shows that best theoretical efficiency is 
obtained when if = $ - ^). 

To calculate the blade performance, individual redial increments 
are considered. Call AR the elosaont width and bdR the element length; 
then bSl will bo the soction area. 

\ L 

D 



YPM 2 



£2i / KAT? 



(bAR“) C T 



YH4 2 



2 

YH4 2 



^ (bAR 2 ) C h (^) 



2 *2* (bAR ? ) C L tan T 



T = L coo if - D sin ^ 
Q = L ain/f + D cos if 



M 



H M .a 

sin V ; V a = M a * a » V P = ton ^ * 



Then, combining tL>e above properly, the following formulas ore obtained > 



T.H.P. 8 (- 



YR5' 3 a 
1100 



) a'r 2 



[«t < 



1- 

tan ^ sin sin ‘f* 



Q.H.P. = (■ 
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Y V * 

1100 



) ar 2 



for ( i + Y ) 

sin if tan 2 > slnf 



Tho performance for the propeller shown on Pig. 51 Is now given. 

In connection with the design and computations of this propeller, the 
following assumptions were made: 

(1) A high speed condition of M & = 1.0 end Mp = 2.0 was oelected. 

(2) For easo of computation, X was assumed as 1% for all sections. 

Actually the thickness ratios would probably be increased 

slightly toward the root. * 

(3) A straight trailing edge was drawn for ease of computation. 

(4) The spinner had a radius equal to 0.2 R. 

(5) The section width increment, AR, was chosen as 0.1 R and all 
section characteristics were taken for the element median. 

(6) The leading edge was designed with a k = 0.9 for all sections 
at a relative Mach corresponding to = 1.0 and Mp = 2.0. 

(7) The plan form was laid out in the untwisted condition. 

(3) The (L/t>) ratio for sections operating between M = 0.9 and 
M = 1.0 was assumed to be the same as the section operating 
just above M = 1.0. This soens to bo conservative if Fig. 40 
is consulted. 

(9) The (L/D) ratio for sections operating below M = 0.9 was 
assumed to bo 33* 

(10) Tho (L/D) ratios for all supersonic sections were decreased 
by 10$ to allow for rounding tho edges. This change was 



attributed entirely to a drag increase leaving the 
unaltered. 

In connection with the last assumption it is felt that by rounding 

tko leading odge and keeping the angle of attack small, the correction 
°D 

(-£-) could bo attained. This correction amounts to a decrease of the 
aC L 

drag duo to lift. In practice, with a sharp leading edge the decrease 

doos not occur duo to separation at the leading edge. Angles of 

attack on the order of 2 to 3 degrees occur for the (L/D) ratios cca- 

putod. In actual practice biconvex sections should probably be used 

because the loading edge angles would be twice as groat. Also, they 

would perform better as subsonic sections since tlieir profile have no 

sharp breaks ©3 the double wedge doos. The (L/D) ratios would not be 

affected appreciably by use of biconvex sections although the wave 

drag coefficient is increased 33% over that of the double wedge . This 

is due to tiie fact that the ratio of Gp /d^ is small for low t*o and 

w 

g'd occurring in this design. Ratios of wave drag to total drag are 
on the order of 0.05 or loos. 

Section efficiencies for a range of propeller speeds at M = 1 
is given in Fig. 52, while Fig. 53 is for a range of aircraft speeds 
with Mp = 1.1. The higher values of T)p approaching 95% in the latter 
figure occur when that portion of the blade operates sub3onically 
below M = 0-9. The T.H.P. and Q.H.P. loading curves along the propeller 
radius are given on Fig. 54 for the high speed condition. Tl*o overall 
efficiency for this condition was 83.5/5. Overall propeller efficiencies 
at M Q = 1 for lower propeller speeds reached S6£. The total T.H.P. por 
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blado vns 374-6 for a Q.H.P. = 365*3 R*" • It should bo realised 
that tho power absorbing qualities could oasily be doubled sineo the 
operating Cj/s arc very low, ranging approximately between 0.1 and 
0.2. Further investigation would havo to do to mine first h ou nuch 
tho (L/D) ratios would bo danaged by Increasing tho 0^*3} it is folt 
by tho author tint tho drop would bo small for reasonable increaaos 
of C L . 

The oo computations indicate tho probable naximua efficioncios 
that could bo attained by such a plan fora. This is because tho 
upper limit of tho (L/D) ratios was uaod for the supersonic sections 
with 't = 1$. The thickness ratio of 1$ night provo to bo impractical 
particularly in smaller chord propeller where a t of 1^ would dictate 
almost inpossible physical thicknesses. The uso of larger thickness 
ratios would ienrar officiencios soaawliat, but as long as tho (L /D) 
ratio was maintained at or above 10, officiencios on the order of 
80$ could bo realised. The lowor curve of Fig. 49 clearly illustrates 
this. The propeller section characteristics showed that (L /D) ratios 
exceeding 10 wore easily attainable at noderate Mach numbers for 
larger thickness ratios. According to common practice, tho T would 
normally decrease toward the propeller tip while the Mach number 
increases according to a linear law. Those two changes over the blade 
span are compatible in their offoct3, ter4ing to givo a more or less 
constant (L/D) ratio. Consequently, it is folt that thickness ratios 
approaching those used in present day practice could bo used and still 
give a supersonic propeller with an officioncy around 80$. 
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VIII. EVALUATION 

For evaluation of the proposed paver plant, too graphs aro 

pro son tod which compare the engine and propeller characteristics 

with the boat of other current designs. The favorable position of 

the centrifugal jot engine in relation to the reciprocating and jot 

» • 

onginss is shorn in Fig. 55. The simplicity of the centrifugal jet 
in comparison to the three complex dosigns with which it sooa3 to 
be competing in Fig. 55 should be taken into consideration . The data 

r r 

for the other engine typos was taken from Ref. 3. In addition to 

» 

performance, other considerations involved in evaluation of a power 

i’ 

system includes cost and safety. Since neither experience nor 
analysis provides accurate information, the discussion will be left 

i 

to the reader. 

r 

For tho propeller, Fig. 56 indicates the efficiency which tbsoro- 

r 

tically could bo approached by tho proposed design. It is seen that 

r 

it is considerably superior to tho best of todays laboratory designs. 

» t 

Tho eurront propeller performance was drawn from Rof . 39. If the 
radius of tho propeller of Section VII is chosen equal to 5 foot, it 

r i” 

will absorb 18,250 li.P. and produce 7,500 pounds of thrust at M . = 1 

r i «- 

with on efficiency of 83*5^. Compare this with the propeller for the 

4 ' 4 4 " 

DC-6 Airplane which handles 2,400 H.P. cn a 13 ft. diameter with twice 

4* 

as irony blades. The hub radius of 1 foot in this case is compatible 

r 

with the proposed engine disc sizes . 

Thus, it would seem that theoretically an efficient, simple, "small 

package" aircraft propulsion system has been evolved by tbs author's 
« 

enclosed design. 



i 






I 
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LIS? OF gIMBOLS (Con timed) 



parameter relating Mack number and leading edge susopback 
angle. 
jl airfoil root chord. 

L lift, lb. ; also di3c losaos. 

(L/D) lift to drag ratio, also vritten (C^/C^). 

L.H.P. disc loss horsepower. 

n mss flow por second lb. / 00 c. 

M Mach number. 

% disc periphery Mack nuabsr; Mp = Vp/a gea levol> 

P static pressure, lb./sq. ft. 

P^ friction pressure drop, lb./eq. ft. 

APp^p pressure rioo duo to centrifugal force, lb./sq. ft. 
q dynamic pressure, lb./sq. ft. (f?Pv^). 
q^ inpaot prsssuro, lb./sq. ft. (H - ?). 

Q component of pro pe liar resultant force in piano of rotation. 
Q.H.P. propeller brake korsopover. 

r constant tors used in computations j also radius. 

E ga3 constant for air (53*3 ft. lb./(F°)(lb. )). 

a 

R gas constant for products of combustion, ft. lb./(F°)(lb. ) ) . 
Rp disc radius . 

s constant tom used in computations. 

S area, sq. ft. 

3.F.C. specific fuel consumption, lb. fuol/lb. thrust-Sr., or lb. 
fuel/ll. P. -Hr. 

t constant tom used in computations . 

temperature, °F abs.j also aircraft thrust. 



T 
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LIST C.F SYSOLG (Continued) 



direct jot thrust; lb. 

T.H.P. thrust horsepower. 

v specific volume cu. ft. /Lb. 

V air or gas speed, fps. 

V a speed of airplane, fps. 

Vp peripheral speed of rotating disc, fps. 

W weight rate of air flow, lb. /sec. 
weight rate of fuel flow, Ib./soc. 
x jot exit width, ft. 

/A fuel-air ratio, 
a airfoil 33ction angle of attack. 
if propeller angle of advance. 

<P angle of leading edge swoepback. 

S propoller blade angle 
/ angle whoso tangent is (L/fo) ratio 

Q jet exit offset angio measured from disc circumferential 
direction. 

y ratio of specific beat at constant pres euro to specific 
heat at constant volume. 

7 average value of h' between 0 C P abs. and temperature T. 

a airfoil section thickness ratio 

T}^ ccabustion efficiency. 

t) centrifugal compression efficiency, 

c 

t), subsonic diffuser efficiency. 

*u * 

T) efficiency of propeller 

P 

T)„ conversion offioioncy, B.H.P. to T.H.P. 
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LIST 0? 3TM30I.S (Continued) 



P mss density, ciujs/cu. ft. 

Subscripts denoting station along power-plant duct* 

1 free 3trean 

2 pipe entrance 

3 end of cylindrical entrance pipe; on trance to diffuser 

4 end of diffuser; entrance to combustion cliaabor. 

5 end of ooabustion chamber; ontrance to nozsle. 

6 noazle tdiroat 

7 end of nozzle. 
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AF-CTJS-B 

STANDARD ALTITUDE TABLE 
(Reproduced in F&rt) 



Alt. 


P 


PA 0 


°R 




* 

c 


P 


p/p„ 


0 


2116.2 


1 


518.4 


1 


1115.6 


.002378 


1 


5,000 


1760.4 


.8320 


500.57 


.9656 


1096.3 


.002049 


.8616 


10,000 


1455.6 


.6876 


482.74 


.9312 


1076.2 


.001756 


.7384 


20,000 


972.5 


• 4594 


447.08 


.8624 


1036.1 


.001267 


.5327 


30,000 


628.1 


.2968 


411.42 


.7936 


993.9 


.000889 


.3740 


35,332 


489.8 


• 2314 


392.40 


.7569 


970.7 


.000727 


.3058 
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AH5HDIX A 



LIST OF SESOI.3 



a speed of sound*, fpsj also constant for defining trailing 
edge sweepback. 



A 

b 



r r r 



B.H.P. 



c 

C 



% 



area in square feet. 

coefficient of x in quadratic oqtationj also constant for 

defining maximum camber position. 

» 

brake horsepower. 

ft* 

coefficient of K° in quadratic equation. 

ratio of friction pressure loos in combustion chamber to 
average dynamic pressure . 

r 

drag coefficient. 

r 

skin friction drag coofficiont. 

ft 

drag coofficiont due to lift. 

« 

supersonic wave drag coefficient. 



lift coefficient. 

noszle velocity coefficient. 

D diameter, Ib.j drag, lb. 

r 

e ratio of clearance pressure to free air pressure. 

#' 

f friction factor. 

r 

F jot thrust, lb. 

r 

F p thrust for full expanding nozzle, lb. 

o r 

F. thrust for underexponding throat noszle, lb. 

^ r r r » 

2 

g acceleration of gravity (32.17 ft. /sec. ) at soa level. 

r r r 



H stagnation prossuro, lb./sq. ft. 

r i r r 

H.V. lowsr boating value of fuel, Btu./lb. 

r ♦* r 

J mechanical equivalont of boat (778 ft. lb./fctu. ) 
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NET THRUST PER UNIT ENGINE FRONTAL AREA 
VS. FLIGHT SPEED AND ALTITUDE 



FIG. 2 



NET THRUST SPECIFIC FUEL CONSUMPTION, LB/ (HR) ( LB) 
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NET THRUST SPECIFIC FUEL CONSUMPTION 
VS. FLIGHT SPEED AND ALTITUDE 



FIG- 3 
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THRUST UNIT COMBUSTION-CHAMBER AREA,LB/SQ.FT. 
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NET THRUST PER UNIT ENGINE FRONTAL 
AREA VS. FLIGHT SPEED AT SEA LEVEL 

FIG. 4 




NET THRUST SPECIFIC FUEL CONSUMPTION 
VS. FLIGHT SPEED AT SEA LEVEL 



FIG. 5 
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FIG. 7 



CENTRIFUGAL JET ENGINE WITH SUPERSONIC PROPELLER 
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FIG. 
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ISOMETRIC FLOW DIAGRAM 
FIG-9 




FIG- 10 




r“i n 10 
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TEMP, °F ABS. 

INSTANTANEOUS VALUES OF THE RATIO OF SPECIFIC HEATS 

FIG. 13 




TEMP, °F ABS. 

VALUES OF THE RATIO OF SPECIFIC HEATS AVERAGED 
BETWEEN OAND T 



FIG. 14 



GAS CONSTANT, R 
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4 

VARIATION OF GAS CONSTANT 
WITH FUEL-AIR RATIO 
FIG. 15 




VALUES OF COMBUSTION EFFICIENCY 



FIG. 16 
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COEFFICIENT OF FRICTION VS. SLIDING VELOCITY 
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PROFILE LIFT-DRAG RATIOS VS. MACH NO. a T 
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PROPELLER TIP 
MACH NUMBERS 




SUPERSONIC PROPELLER PLAN FORMS FOR LEADING EDGE k = 
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Propeller Efficiency vs. Propeller Advance Angle 
FIG. 49 




Propeller Efficiency vs. Parameter J 



FIG. 50 
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PLAN FORM FOR A 
SUPERSONIC PROPELLOR 
(UNTWISTED) 
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FIG. 54 
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